We sought to evaluate whether preoperative anemia was an important determinant of survival in gastric cancer (GC). A single institution cohort of 2163 GC patients who underwent curative resection were retrospectively analyzed. Anemia was defined as a preoperative hemoglobin level <120 g/L in males and <110 g/L in females. Overall survival (OS) was analyzed using the Kaplan-Meier method, and a multivariate Cox proportional hazards model was performed to identify the independent prognostic factor. Anemic patients had a poorer OS compared with nonanemic patients after resection for tumor-nodes-metastasis (TNM) stage III tumors (5-year OS rate: 32.2% vs. 45.7%, P < 0.001) but not stage I (P = 0.480) or stage II (P = 0.917) tumors. Multivariate analysis revealed that preoperative anemia was an independent prognostic factor in TNM stage III (hazard ratio [HR], 1.771; 95% CI, 1.040-3.015; P = 0.035). In a stage-stratified analysis, preoperative anemia was still independently associated with OS in TNM stages IIIa through IIIc (P < 0.001, P = 0.075, and P = 0.012, respectively), though the association was only marginal in stage IIIb. Of note, preoperative mild anemia had a similar prognostic value in TNM stage III GC. Furthermore, preoperative anemia was significantly associated with more perioperative transfusions, postoperative complications and several nutritional-based indices, including the prognostic nutritional index (PNI), preoperative weight loss and performance status (all P < 0.05). Preoperative anemia, even mild anemia, was an important predictor of postoperative survival for TNM stage III GC.
Introduction
Anemia is the most common hematologic abnormality of most cancers, with prevalence rates varying by cancer type and disease stage. It has been assumed that between 30% and 90% of patients with cancer are anemic at diagnosis [1, 2] . Iron metabolism disorders, tumor-associated bleeding, abnormal catabolism of cancer patients, and nutritional deficiencies all play a role in anemic pathogenesis [3, 4] . In addition to affecting the quality of life, pretreatment anemia has been found to be a predictor of poor prognosis in many cancers [5] [6] [7] . One metaanalysis of 200 studies suggested that anemia was associated with reduced survival times in patients with lung carcinoma, cervicouterine carcinoma, prostatic carcinoma, head and neck carcinoma, lymphoma, and multiple myeloma [8] .
Gastric cancer (GC) is the second leading cause of cancer death worldwide, with a high incidence of recurrence and metastasis [9] [10] [11] . Prevention and individualized
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Impact of preoperative anemia on outcomes in patients undergoing curative resection for gastric cancer: a singleinstitution retrospective analysis of 2163 Chinese patients treatment are seen as the best choices to reduce GC mortality rates [12] [13] [14] . Hence, there have been continuing efforts to identify prognostic factors to select high-risk patients for tailored treatment. A study from Korea, which included 1688 GC patients who underwent curative resection between 1991 and 1995, showed that preoperative anemia was an independent prognostic factor for tumornodes-metastasis (TNM) stage I-II GC [15] . Due to the regional differences as well as advancements in surgery and multidisciplinary treatment in the past decade, the impact of preoperative anemia on outcomes in Chinese patients remains unclear.
Therefore, this study was conducted to further validate the prognostic value of preoperative anemia in a large cohort of Chinese patients who underwent curative resection for GC.
Methods

Ethics approval and consent to participate
The research project was approved by the Ethical Committee of Sun Yat-sen University Cancer Center and was conducted in accordance with the Declaration of Helsinki. The study was retrospective in design, and no consent from patients was needed.
Study population
We enrolled a total of 2163 consecutive GC patients undergoing curative D2 gastrectomy with R0 resection at the Sun Yat-sen University Cancer Center between January 2001 and December 2014. Patients who met all the eligibility criteria were included in the study. The eligibility criteria are as follows: (1) a complete set of clinicopathological and follow-up data, (2) no neoadjuvant chemotherapy or radiotherapy, (3) no other synchronous malignancy, (4) no other nonmalignancy-associated anemia, and (5) no red blood cell transfusion before the blood sample was taken. Ultimately, 2163 patients were enrolled.
Clinicopathological and outcome data were collected by review of the medical records. Blood samples were taken within 2 weeks before surgery. Unintentional weight loss 6 months prior to surgery was recorded at the time of the initial diagnosis. The prognostic nutritional index (PNI) was calculated based on previous studies [16] . The perioperative period was defined as 7 days before and after operation. All transfused patients received leukocytedepleted packed red blood cells (PRBC) according to standard transfusion guidelines [17] . In principle, PRBC transfusion should not be initiated before the hemoglobin levels decline to 7 g/dL or lower per the guidelines of our center. All patients had histologically confirmed stage I-III gastric adenocarcinoma. Tumors were staged according to the seventh edition of the American Joint Committee on Cancer (AJCC) tumor-nodes-metastasis (TNM) classification [18] . By multidisciplinary discussion after surgery, 5-fluorouracil-based adjuvant chemotherapy or combined treatment was delivered to the postoperative patients with stage II-III GC and no marked comorbidities that would preclude chemotherapy use [19, 20] . However, part of stage II-III patients gave up chemotherapy because of severe comorbidities, unacceptable side effects, unaffordable medical care or other personal considerations. Furthermore, all of stage I patients also did not receive adjuvant chemotherapy based on the current guidelines.
Follow-up
Patients were examined every 3 months during the first 2 years and every 6 months thereafter. Conventional examinations included clinical symptoms, physical examinations, laboratory testing, dynamic abdominal computed tomography (CT), and gastroscopic examination. Overall survival (OS) was defined as the duration from the surgery date to either the date of death or the date of the last follow-up.
Definition of anemia
Anemic status was assessed within 2 weeks before surgery. Based on the criteria recommended by the National Cancer Institute and the clinical practice guidelines released by the Chinese Society of Clinical Oncology (CSCO), anemia is defined as a preoperative hemoglobin level <120 g/L in males and <110 g/L in females. Mild anemia is defined as a hemoglobin level that is greater than 90, but less than the normal level [21] .
Statistical analysis
Our research adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement (Table S1 ). Data are presented as the means and 95% confidence intervals. The differences among the groups were analyzed using the Pearson's chi-squared test for categorical variables. OS curves were calculated according to the Kaplan-Meier method and compared using the log-rank test. Variables in which two-tailed P value was less than 0.05 in the univariate or unadjusted analysis were considered possibly associated with OS. Subsequent multivariate analysis was further performed to identify independent prognostic factors. The following variables were adjusted in a multivariate COX proportional hazards model: age, tumor size, tumor location, lymphatic vessel X. Liu et al. Preoperative Anemia and Outcomes of GC infiltration (LVI), PNI, preoperative weight loss, complications, anemia, perioperative transfusion, and TNM stage. A two-sided P < 0.05 was considered statistically significant. All of the above statistical analyses were performed with SPSS 19.0 software (SPSS, IBM Corp, Armonk, NY). Propensity score matching was performed with Stata13.0 (StataCorp LP, College Station, TX). In our study, the 1:1 nearest neighbor matching was chosen for the propensity score.
Results
Among a total of 2163 patients qualified for the analysis, 585 (27.0%) were anemic and 361 (16.7%) were mildly anemic (Fig. 1) . The median age at diagnosis was 58 years (range: 14-89 years). Overall, 1442 (66.7%) patients were males and 721 (33.3%) were females ( In addition to the PRBC transfusions, in our study, anemic patients did not receive other preoperative treatment options, including iron therapy and erythropoieticstimulating agents. The last follow-up date was October 30, 2015, and the median follow-up period was 28 (3-185) months. During the follow-up period, 655 (30.3%) patients died, and 1508 (69.7%) patients were alive at the end of follow-up. Among the patients with stage I disease, the 5-year OS rate was 94.6% in nonanemic patients and 91.8% in anemic patients (P = 0.480; Fig. S1A ). In patients with stage II disease, the 5-year OS rate was 72.9% in nonanemic patients, and 73.2% in anemic patients (P = 0.917; Fig. S1B ). For patients with stage III GC, the 5-year OS rate was 45.7% in nonanemic patients and 32.2% in anemic patients (P < 0.001). The Cox proportional hazards regression models were used to further validate the results in overall patients (HR, 1.238; 95% CI, 0.995-1.539; P = 0.055), stage I patients (HR, 1.007; 95% CI, 0.232-4.383; P = 0.992), and stage II patients (HR, 0.853; 95% CI, 0.453-1.606; P = 0.623), respectively.
In stage III GC, the correlation of preoperative anemia status with clinicopathologic characteristics is shown in Table 2 . The presence of preoperative anemia was associated with age ≥60 years (P = 0.002), male patients (P = 0.026), larger tumor size (P < 0.001), elevated PNI (P < 0.001), more preoperative weight loss (P = 0.007), poor performance status (P = 0.006), incidence of postoperative complications (P < 0.001), and more perioperative transfusions (P < 0.001).
The results of the Cox proportional hazards regression model used to identify prognostic risk factors for OS are shown in Table 3 . In patients with stage III GC, 10 prognostic risk factors were identified in the univariate analysis, including age, tumor size, tumor location, LVI, PNI, preoperative weight loss, complications, anemia, perioperative transfusion, and TNM stage (All P < 0.05). Multivariate analysis revealed that preoperative anemia (HR, 1.771; 95% CI, 1.040-3.015; P = 0.035) was an independent predictor for OS, along with age (HR, 1.522; 95% CI, 1.133-2.045; P = 0.005), tumor location (HR, 0.589; 95% CI, 0.430-0.807; P = 0.001), preoperative weight loss (HR, 1.570; 95% CI, 1.162-2.122; P = 0.003), and 7th TNM stage (HR, 1.518; 95% CI, 1.236-1.864; P < 0.001). In a stage-stratified analysis, it was still independently associated with OS in TNM stages IIIa through IIIc (P < 0.001, P = 0.075, and P = 0.012, respectively; Fig. 2 Furthermore, when stratified by age and sex in TNM stage III patients, the prognostic significance of preoperative anemia was maintained in age ≥60 years patients (HR, 1.354; 95% CI, 0.989-1.855; P = 0.059), age <60 years patients (HR, 1.460; 95% CI, 1.042-2.045; P = 0.028), female patients (HR, 1.499; 95% CI, 1.002-2.243; P = 0.049), and male patients (HR, 1.516; 95% CI, 1.144-2.010; P = 0.004), respectively (Fig. 3) . Of note, preoperative mild anemia had similar prognostic value in stage III GC (HR, 1.954; 95% CI, 1.103-3.460; P = 0.022), even in a stage-stratified analysis.
Finally, we performed the propensity score matching to eliminate bias to further verify our conclusions in overall patients. By the Pearson's chi-squared test, the covariates for propensity score matching were age, sex, tumor size, PNI, preoperative weight loss, performance status, and TNM stage. After 1:1 propensity score matching, the covariates were balanced and 1150 patients were enrolled in our analysis. The Cox proportional hazards regression models were used to further validate our conclusions in overall patients (HR, 1.129; 95% CI, 0.869-1.466; P = 0.363), stage I patients (HR, 1.051; 95% CI, 0.458-2.409; P = 0.907), stage II patients (HR, 1.070; 95% CI, 0.837-1.369; P = 0.588), and stage III patients (HR, 1.469; 95% CI, 1.125-1.917; P = 0.005), respectively.
Discussion
Anemia is a common condition in cancer patients [22, 23] . In addition to the negative effect on the quality of life, the presence of pretreatment anemia has been found to be an unfavorable prognostic factor in many types of malignancies [24] [25] [26] . In our study, we explored the potential prognostic value of preoperative anemia in a large cohort of Chinese patients with GC. The prevalence of anemia in patients with GC undergoing curative resection was 27.0%. We found that preoperative anemia, even if mild, was an independent prognostic risk factor for TNM stage III GC but not stage I or II. LVI, lymphatic vessel infiltration; PNI, prognostic nutritional index; TNM, tumor-node-metastasis staging.
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Many studies supported that preoperative anemia was associated with poor prognosis in cancer patients. However, the underlying mechanisms remain unclear. Over the past decades, several hypotheses have been proposed to clarify this relationship. First, growing evidence has indicated that low hemoglobin levels induce poor tumor oxygenation [27] . Furthermore, a hypoxic microenvironment plays an important role in the malignant phenotype of the tumor, promoting malignant progression, loco-regional spread and distant metastasis. Accumulating evidence has indicated that intratumoral hypoxia is a key factor in the activation of hypoxia-inducible factor-1, which can lead to the acceleration of tumor metastasis [28, 29] . Second, preoperative anemia can influence the effects of postoperative adjuvant treatment. Numerous studies have revealed that hypoxic cancer cells are likely to be resistant to chemotherapy and radiotherapy through a series of mechanisms that include proteomic and genomic changes. Furthermore, hypoxic stress protein and missed apoptotic potential can also induce the resistance of tumor cells to chemotherapy drugs [30, 31] .
In fact, our findings were supported by other studies, which have also shown an association between preoperative anemia and clinical outcome. In a series of 352 patients with papillary renal cell carcinoma who underwent complete resection, Huang et al. found that preoperative anemia was independently associated with an increased risk of recurrence and mortality [32] . A recent study evaluated the outcome of 367 patients with soft tissue sarcoma and found that low preoperative hemoglobin levels were significantly associated with decreased cancer-specific survival and OS [33] . Studies from our center have reported that preoperative anemia was an independent predictor of outcome in breast cancer [34] . It should be noted that one similar sized study from Korea showed that preoperative anemia was an independent prognostic factor for TNM stage I-II GC but not stage III [15] . Considering regional differences, different cut-off levels for anemia, and treatment advancements in the past decade, we further validated the prognostic value of preoperative anemia in a large cohort of Chinese GC patients.
Furthermore, we found the presence of preoperative anemia was associated with a larger tumor size. The findings were consistent with the previous studies, which have LVI, lymphatic vessel infiltration; PNI, prognostic nutritional index; TNM, tumor-node-metastasis staging.
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shown that preoperative anemia was associated with features of aggressive tumor biology. A larger tumor was easier to lead to tumor-associated bleeding, abnormal catabolism and malnutrition, which contributed to a change in body composition and diminished function [35, 36] . However, the potential mechanisms underlying the observed associations remain unclear. In addition, preoperative anemia was significantly associated with postoperative complications and several nutritional-based indices, including the PNI, preoperative weight loss and performance status. In fact, our conclusions are supported by other studies [37] . Data from the European Cancer Anaemia Survey highlighted the link between low hemoglobin levels and poor performance status [35] . Furthermore, a study from Zhang et al. also revealed that preoperative anemia was significantly correlated with preoperative nutritional status [34] . In fact, accumulating evidence has indicated that preoperative malnutrition induces poor clinical outcomes [38] . Therefore, our study may add to the evidence that preoperative anemia can provide additional prognostic information in GC.
In daily clinical practice, preoperative hemoglobin levels may be helpful to tailor treatment to each individual situation. With accurate clinical prediction, nonanemic patients can avoid the potential toxicity of further treatment. However, anemic patients with stage III GC need additional systemic adjuvant therapy and closer follow-up schedules. Of note, it is still unclear whether preoperative anemia treatment can alter the poor prognosis. Though blood transfusions are widely used for anemic patients, emerging evidence indicates that it is associated with poor clinical outcomes [39, 40] . However, in this study, perioperative transfusion did not significantly influence OS in the multivariate analysis. Considering the low transfusion rate in this analysis, we should consider the conclusion with caution. Indeed, there is a body of evidence indicating that blood transfusion contributes to increased risk of treatment-related adverse events and postoperative complications [41] , which provides the rationale for exploration of better treatment options. In addition, the efficacy of intravenous iron and recombinant human erythropoietin in anemic patients with GC is also worthy of further study [42, 43] . Therefore, large-scale prospective studies are needed to validate whether early targeted intervention is beneficial to anemic patients undergoing curative resection for GC.
First, this study was limited by its single-institution nature; however, with a large cohort of patients, our study provides a valid basis for determining the prognostic value of preoperative anemia in GC. Second, postoperative treatment heterogeneity was inevitable due to the retrospective design, which might affect our results. Third, though OS is considered the gold standard endpoint in the aspect of cancer prognosis study, we lack disease-specific survival and relapse-free survival data. Our study may have been strengthened by the use of other survival measures. Fourth, subgroup-derived evidence is not strong enough to validate some conclusions, which need to be strengthened in prospective randomized controlled studies.
Conclusions
Preoperative anemia, even when mild, is independently associated with poor outcomes in patients with TNM stage III GC. Prospective studies are needed to determine the potential impact of early targeted intervention in anemic patients undergoing curative resection for GC.
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